Ocean Drilling Program Site 704 in the subantarctic South Atlantic was drilled to investigate the response of the Southern Ocean to climatic and Oceanographic developments during the late Neogene.
INTRODUCTION
Ocean Drilling Program (ODP) Site 704 was drilled on the Meteor Rise at 46°53'S, 7°25'E, at a depth of 2532 m (Fig. 1) . The site is just north of the present position of the Antarctic Polar Front Zone (APFZ), and south of the Subtropical Convergence, as defined by the expendable bathythermograph data of Lutjeharms (1985) . Site 704 recovered a nearly continuous section from the middle Miocene through the latest Pleistocene using hydraulic piston corer and extended core barrel coring techniques in two adjacent holes, with carbonate content ranging from 0% to 96%. Paleomagnetic and biostratigraphic analyses show that the only gap in the Pliocene-Pleistocene section is a possible compressed interval in the Brunhes. The upper 50 m of section is slightly to severely disturbed, however, so the age of this interval is not well constrained. Carbon and oxygen isotope analyses of planktonic and benthic foraminifers (see Hodell et al., this volume; Muller et al., this volume) and the bulk fine fraction (>63 µm) have been used to examine paleoceanographic conditions in the South Atlantic during the late Neogene.
The history of climatic change through the Cenozoic has been characterized by periods of relative stasis punctuated by sudden episodes of change (Shackleton and Kennett, 1975) . These events are recorded in oxygen and carbon isotopic records from the deep sea and can help us understand the causes and effects of these changes.
The Neogene was the time during which major, permanent ice caps developed and during which the present glacialinterglacial cycles were initiated in the Northern Hemisphere. Although small valley glaciers or temporary ice caps may have occurred on Antarctica during the Oligocene (Shackleton and Kennett, 1975; Matthews and Poore, 1980; Miller and Fairbanks, 1983; Miller et al., 1985) , a permanent ice cap on East Antarctica did not develop until the mid-Miocene, at about 14 Ma (Shackleton and Kennett, 1975) . Deep Sea Drilling Project (DSDP) drilling at several sites in the North Atlantic has provided evidence that significant Northern Hemisphere glaciation began in the late Pliocene (Shackleton et al., 1984; Raymo et al., 1989) . Shackleton et al. (1984) first presented evidence that ice-rafted debris began to accumulate in the North Atlantic at DSDP Site 552 at about 2.4 Ma, while carbonate concentration in the sediment decreased due to the diluent effect of ice-rafted debris. In addition, isotopic analyses of benthic foraminifers revealed an average 18 O enrichment in biogenic calcite of over 1.0°/oo, indicating the accumulation of isotopically light continental ice. The initial glacial episodes resulted in oxygen isotope fluctuations of about l°/oo, at periods of approximately 41,000 yr, corresponding to Milankovitch obliquity variation (Ruddiman et al., 1986) . Raymo et al. (1989) found small amounts of ice-rafted debris present in sediments as old as 2.65 Ma in DSDP Hole 607. Spectral analysis of oxygen isotopic variations of Pliocene sediments from Hole 607 also indicates periodicities of about 41,000 yr, although with a lower amplitude than after 2.4 Ma. By the Brunes/Matuyama boundary, the amplitude of the δ 18 θ variations had increased to about 2°/oo, and the dominant 2O'W 10°20" 30"
40'E -30°S
-40°"
50" -60'
-70°F igure 1. The position of ODP Site 704 in the eastern subantarctic South Atlantic relative to the major hydrographic fronts (modified after Lutjeharms, 1985) .
period of the glacial-interglacial cycles increased to approximately 100,000 yr (Shackleton et al., 1984; Ruddiman et al., 1986 Ruddiman et al., , 1989 .
The onset of large-scale Northern Hemisphere glaciation is a key event in the development of the Earth's present climatic regime, with cyclic glaciations characterizing the Earth's climate during the Pleistocene and late Pliocene. However, the interaction of the Southern Hemisphere with the Northern Hemisphere at the onset of these glaciations is not well understood.
Stable Isotopic Studies of Fine-Fraction Carbonate
Several studies have examined the utility of calcareous nannofossil isotopic data as paleoceanographic indicators (Anderson and Cole, 1975; Margolis et al., 1975; Goodney et al., 1980; Dudley et al., 1980 Dudley et al., , 1986 Paull and Theirstein, 1987) . Results of these studies have been inconclusive because several variables control the isotopic composition of the fine fraction. Margolis et al. (1975) found that nannofossil δ 18 θ was roughly equivalent to that of planktonic foraminifers, whereas δ 13 C of nannofossil calcite exhibited a variable relationship to planktonic foraminiferal δ 13 C. Goodney et al. (1980) investigated the isotopic response of calcareous nannofossils in Holocene sediments. They found that δ 18 θ and δ 13 C of the fine fraction covaried, with a slope near 1. They suggested that the trend was caused by assemblage changes in the fine fraction. Paull and Theirstein (1987) found that different grain-size subtractions of the fine fraction from the same sample (roughly corresponding to different taxonomic groups) had different δ 18 θ and δ 13 C values. The isotopic compositions of the subtractions lay along a linear trend of increasing δ 18 θ with increasing δ 13 C, similar to that of Goodney et al. (1980) .
Another finding of Goodney et al. (1980) was the existence of a latitudinal pattern to the carbon isotopic gradient between planktonic foraminifers and nannofossils. They found that when δ 13 C of planktonic foraminifers increased, δ 13 C of calcareous nannofossils decreased, increasing the gradient between them, and, in addition, that this effect varied systematically with latitude. They suggested that the mirrored relationship was due to effects of changing rates of productivity on δ 13 C of ΣCO 2 . In low-productivity areas, photosynthesis would have little effect on δ 13 C, and the δ 13 C values of planktonic foraminifers and the fine fraction would be similar. In areas of high productivity, photosynthesis preferentially extracts 12 C, increasing δ 13 C and causing the δ 13 C of planktonic foraminifers to be elevated relative to that of the fine fraction. Dudley et al. (1980) suggested that because coccolith calcite deposition is intracellular, metabolic CO 2 may be incorporated into the calcite, and Goodney et al. (1980) suggested that nannofossil δ 13 C would be lower for that reason.
In the Southern Ocean, conditions controlling δ 13 C of surface waters are somewhat different. Insolation in the Antarctic area is less than in more temperate areas because of the low angle of the sun. Furthermore, temperatures are low, slowing biologic processes. Primary productivity in this area is thus light-limited rather than nutrient-limited (Knox and McElroy, 1984) . Therefore, surface waters in areas of high productivity in high latitudes tend to be characterized by low δ 13 C values because the balance between preferential removal of 12 C by photosynthesis and carbon with low δ 13 C values supplied by upwelüng/mixing will be in shifted toward the supply side. In areas of high productivity caused by increased upwelling, the effect of photosynthesis on δ 13 C would be swamped by the upwelling effect. In areas of low productivity caused by slower replenishment of carbon and other nutrients, nearly all carbon would be extracted by photosynthesis, producing greatly enriched δ 13 C. Carbon isotopic compositions of surface waters thus depend on the balance between the rate of carbon removed because of photosynthesis and the rate of 12 C-enriched carbon supplied by upwelling and surface currents.
Because of this balance and other factors discussed subsequently, δ 13 C gradients exist in the surface waters of the Antarctic, with lower δ 13 C values occurring in the high-productivity area south of the Polar Front (Kroopnick, 1980 (Kroopnick, , 1985 . Carbon isotopic composition of surface water is also affected by exchange with the atmosphere. Charles and Fairbanks (1990) have shown that there is a decrease in δ 13 C both north and south of the Polar Front. They suggest that these gradients result not only from upwelling/productivity effects but also from the rate of gas exchange and the temperature-dependent nature of the gas exchange fractionation north of the front and from gas exchange fractionation and incomplete equilibration of surface waters with the atmosphere south of the front. This paper will discuss results of oxygen and carbon isotopic analyses of fine-fraction carbonate samples from ODP Site 704 in the South Atlantic, which suggest that 1. a northward migration of the Antarctic Polar Front over this site occurred shortly before the onset of Northern Hemisphere glaciation, leading to 2. increasing productivity, and 3. a change in the δ 13 C of pelagic carbonate at this site.
METHODS

Age-Depth Model
The time scale used in this report is calibrated to the Berggren et al. (1985) time scale. The S terminology for paleomagnetic boundaries is from Hailwood (1989) . The tie points shown in Table 1 are from Hailwood and Clement (this volume) , and other dates were obtained by linear interpolation between these points.
Sampling Strategy
Holes 704A and 704B were both used to construct the isotope section. Samples were used from the upper 25 m of both holes. Core 114-704A-4H was highly disturbed, so sam- pies from Hole 704B only were used from 25.41 to 34.26 m below seafloor (mbsf). Color variation (Shipboard Scientific Party, 1988) and carbonate content (Froelich et al., this volume) in the upper part of the section show little correlation between the holes. Because of this, no attempt was made to splice samples from the two holes. Instead, the data from each hole are plotted on the figures separately, but on a common depth scale. Sample recovery was low or zero in cores from Hole 704A below Core 114-704A-25X (235.2 mbsf), so samples from Holes 704A and 704B were overlapped from 213.91 to 233.41 mbsf. Carbonate data (Froelich et al., this volume) show a variable offset in depth between the holes of up to 1 m, but no consistent correlation is possible based on these data. Therefore, again, the data are plotted separately on a common depth scale. Samples from Hole 704B were used exclusively from 233.81 mbsf to the deepest fine-fraction sample at 289.66 mbsf, with an age of 7.89 Ma.
The sampling intervals vary with depth. Within the upper 80 m, the sampling interval averages 30.9 cm, or one per 6000 yr. Between 80 and 168 mbsf, the average is 145.8 cm, or one per 15,000 yr. The average sampling interval from 168 to 200 mbsf is about the same, 166.7 cm, but because of a sedimentation rate change, the average sample frequency is only one per 77,500 yr. From 200 to 290 mbsf, the sampling interval is smaller, averaging 37.8 cm, and the sampling frequency averages one per 16,800 yr.
Isotopic Analyses
The fine-fraction (<63 µm) samples of Site 704 were obtained by disaggregating bulk samples in a water solution of warm sodium hexa-metaphosphate and washing through a 63-µm sieve. The coarse fraction was saved for isotopic analyses of foraminifers (Hodell et al., this volume) . The fine-fraction residues were collected and settled for at least 24 hr. Excess water was poured off, and the fine-fraction was concentrated by centrifugation and dried in a 50°C oven. Fine-fraction samples were mechanically homogenized, and a small subsample was roasted at 400°C in a vacuum for 1 hr to remove organic carbon. The subsamples were reacted in a common 100% orthophosphoric acid bath at 70°C to release CO 2 , which was analyzed in an automated triple collector VG Isogas Prism mass spectrometer. Isotopic results were corrected to PDB via a set of intermediate standards (Hodell et al., 1989) . Precision of replicate fine-fraction analyses averaged 0.16°/oo for oxygen and 0.13°/oo for carbon. Isotopic results that differed greatly from the analysis of neighboring samples were reanalyzed for confirmation. If repeat analyses differed by more than 0.5°/oo, a third replicate was analyzed; analyses that differed from the other two by more than 0.5°/oo were rejected, and if all three were within 0.5°/oo, all were accepted. Barrera and Savin (1987) investigated the effect of isotopic exchange between the fine fraction and evaporating wash water. They found that substantial effects, caused by Rayleigh fractionation, occurred in the very fine fraction (<IO µm) that they analyzed. To investigate whether any similar effects occurred with the Site 704 samples, six fine-fraction samples were resuspended after initial centrifugation, split, and the water replaced with methanol in one of the splits through the use of three successive resuspensions and centrifuge concentrations. The results are shown in Table 2 . The oxygen isotopes of the water-dried fraction differ from those of the methanol-dried fraction by an average of 0.01°/oo ± 0.07°/oo (two standard deviations), and carbon isotopes differ by an average of 0.02 ± 0.10°/oo (two standard deviations). We conclude that the samples used in this study were not affected by Rayleigh fractionation during drying.
Analytic precision as established by repeat analyses of an internal working standard (Carrara Marble) is 0.13°/oo for oxygen and 0.04°/oo for carbon isotopes.
Fine-Fraction Compositional Analysis
One objective of this study was to determine whether compositional changes in the fine-fraction assemblage caused changes in the isotopic composition. Portions of the homogenized fine fraction were selected from samples at approximately 10-m intervals. Slides of these samples were used to estimate fine-fraction composition. The method of Moore (1973) was used to make slides with randomly settled grains, to ensure a representative estimate of fine-fraction composition. The percentage of three calcareous particle types (foraminifers, coccoliths, and micrite) was estimated from each slide, with the least common particle type estimated first, and the most common type calculated by the difference between 100% and the sum of the other two particle types.
RESULTS
The fine-fraction carbonate isotope record shows significant variability in both carbon and oxygen isotopes ( Fig. 2 and Depth (mbsf) Figure 2 . Fine-fraction δ 13 C and δ 18 θ records vs. depth, 0-300 mbsf.
100 Table 3 ). The maximum amplitude in both isotope signals occurs in the upper 40 m, with a range of 5.53°/oo (-2.3°/oo to 3.23°/oo) for δ 13 C and 2.77°/oo (1.18°/oo to 3.95°/oo) for δ 18 θ. Covariance between δ 13 C and δ 18 θ occurs over much of the fine-fraction record (Fig. 3) . These results contrast with the trend line found by Goodney et al. (1980) of much stronger covariance between δ 13 C and δ 18 θ in the tops of cores from the Indian Ocean. However, it is important to remember that the core-top data of Goodney et al. (1980) were not affected by ice volume changes, whereas downcore data will be. Simultaneous maxima in δ 13 C and δ 18 θ occur at several levels: 238.9-240.4 mbsf (5.8 Ma), 221.2 mbsf (4.90 Ma), 203.5 mbsf (4.06 Ma), 187.4 mbsf (3.44 Ma), 181.4 mbsf (3.19 Ma), and 175 mbsf (2.86 Ma).
Note that the data from Holes 704A and 704B correspond very well in the areas of overlap (0-36.2 and 213.9-233.4 mbsf) even without splicing. This suggests that little displacement of sediment has occurred in the disturbed upper section. The isotopic signal is small in the lower region of overlap, and thus little difference in values is seen there despite the variable 1-m offset previously mentioned.
Oxygen Isotopes
The δ 18 θ record exhibits less variability than the δ 13 C record (Fig. 2) . From about 290 mbsf (7.9 Ma) to 264-253 mbsf (6.77-6.39 Ma), the oxygen isotopic composition of the fine fraction became gradually more enriched in 18 O, from an average of 2.44°/oo between 290 and 280 mbsf to an average of 2.82°/oo between 264 and 253 mbsf. At this point, δ 18 θ began to decrease over the next 40 m (1.7 m.y.), to about 2°/oo at 222 mbsf (4.95 Ma). There is one short period of enrichment in 18 O at about 240 mbsf (5.85 Ma), with δ 18 θ increasing to more than 3°/oo. From 222 to about 180 mbsf (3.13 Ma), a slow, uneven δ 18 θ enrichment occurs, rising from about 2°/oo to about 3.5°/oo. At this point, δ 18 θ decreases rapidly to 2.5°/oo by 170 mbsf (2.67 Ma), where it oscillates about the mean with variability of 0.3°/oo to 5°/oo to the present day. Variability increases above about 40 mbsf. A temporary maximum occurs at 11 to 5 mbsf (0.49-0.31 Ma), followed by a local minimum at about 2.5 mbsf (0.24 Ma).
Carbon Isotopes
The record of fine-fraction δ 13 C shows a different character than that of δ 18 θ (Fig. 2 and Table 3 ). Between 290 and about 255 mbsf (7.9-6.44 Ma), δ 13 C is roughly constant, averaging about 2°/oo. At this point, fine-fraction δ 13 C begins to decrease, reaching a minimum of 0.33°/oo at 210.2 mbsf (4.23 Ma). This decrease in δ 13 C, roughly coincident with the late Miocene carbon shift (Keigwin and Shackleton, 1980) , is observed in the planktonic and benthic foraminiferal records, but the shift in the fine fraction occurs across a period of about 2 m.y. rather than a few hundred thousand years as found in the foraminiferal records. The sampling frequency is somewhat less from this point upward, but it appears that δ 13 C becomes more variable, with spikes of high δ 13 C values occurring at about 203.5 mbsf (4.06 Ma), 181 mbsf (3.17 Ma), 175 mbsf (2.86 Ma), and 171 mbsf (2.71 Ma).
Between 170.41 and 168.91 mbsf (2.69-2.55 Ma), a sudden shift in δ 13 C occurs, with δ 13 C falling from an average of 1.26°/oo between the base of the Gauss and the shift to an average of -0.22°/oo between the shift and the top of the Matuyama, for a total change of -1.48°/oo.
The amplitude of variability above the Gauss/Matuyama boundary is small up to about 75 mbsf (1.46 Ma). Above 75 mbsf, large swings in δ 13 C occur, with both the highest and lowest δ 13 C values measured at Site 704 found in this interval. Maxima occur at 61.00 mbsf (1.24 Ma), 36.51 mbsf (0.78 Ma), and 5.75 mbsf (0.33 Ma). The increase to the 36.51 mbsf maximum is fairly smooth, beginning with a minimum of 1.84°/oo at 52.90 mbsf (1.11 Ma) and ending at 3.23°/oo. A similar trend occurs in the buildup to a 6 mbsf maximum, starting with a minimum of -2.30°/oo at 17.91 mbsf (0.63 Ma) and increasing to 3.14°/oo.
The meaning of the younger events is unclear, because of the disturbed nature of the upper 50 m (Shipboard Scientific Party, 1988) . This disturbance can affect our knowledge of the timing and magnitude of the events. However, core disturbance would be expected to homogenize and decrease the magnitude of the signals seen. The magnitude of these changes (up to 5.52°/oo for δ 13 C between 36.51 and 28.66 mbsf and 2.77°/oo for δ 18 θ between 32.91 and 28.66 mbsf) must therefore be minimum magnitudes. Clearly, extremely large changes in fine-fraction isotopic composition in the upper 75 m of Site 704 have occurred.
Changes in the Fine-Fraction Composition
Results of random-settling slide analysis show that changes have indeed occurred in the particle composition of the fine fraction (Fig. 4 and Table 4 ). Significant changes occurred at 170-160, 150-140, 110-100, and 90-80 mbsf and every 10 m above the latter depth to a depth of 60 mbsf, the shallowest sample thus far examined. From 170 to 160 mbsf, the nannofossil content of the fine fraction drops from over 90% to about 40%, whereas micrite content rises from near 0% to approximately 60%. From 150 to 140 mbsf, nannofossil content rises again to about 90%, whereas micrite content falls to about 10%. Nannofossil content again drops to about 50% between 110 and 100 mbsf with micrite rising proportionately. Nannofossil and micrite contents fluctuate widely every 10 m above this point, with foraminiferal content becoming important only at 60 mbsf. There is a general increase upward of the micrite content, contrary to the , , , S5 (C3A) , and S6 (C4) . downward increase that might be expected if diagenesis increased downhole. DISCUSSION This discussion will deal primarily with the large δ 13 C shift at 2.6 Ma; it will also touch on some aspects of the large Table 4 . Estimated fine-fraction composition from randomsettling slide analysis, Hole 704A.
Core, section, interval (cm) 6H-4, 20 7H-4, 91 7H-4, 91 8H-4, 140 9H-5, 21 10H-5, 20 10H-5, 20 11H-6, 21 11H-6, 21 12H-6, 21 13H-6, 21 15H-1, 21 15H-1,21 15H-1,21 15H-7, 21 17X-1, 21 18X-1, 21 19X-2, 21 20X-2, 21 20X-2, 21 21X-2, 46 21X-2, 46 22X-3, 21 23X-3, 21 24X-3, 21 25X-4, 21 Several possible causes for changes in the Site 704 finefraction isotope record exist:
1. diagenetic effects; 2. changes in the fine-fraction composition a. change in the nannofossil assemblage b. change in percent of micrite or of juvenile or .broken planktonic or benthic foraminifers; 3. paleoceanographic change a. changes in upwelling and primary productivity of surface waters b. movement of the Antarctic Polar Front.
Diagenetic Effects
Initial examination of the preservation of the fine fraction found that slight etching of nannofossils occurs above Core 114-704B-10H (82.7-92.2 mbsf), and progressive overgrowth by secondary calcite below (Shipboard Scientific Party, 1988) . We wish to determine whether this etching and overgrowth may have affected fine-fraction isotopic composition.
One indicator of a diagenetic overprint on isotopic composition would be for the isotopic composition of the fine fraction and/or planktonic foraminifers to follow that of the benthic foraminifers. Comparison of δ 18 θ records deeper than about 223 mbsf (5.0 Ma) (Fig. 5) shows that δ 18 θ of the fine fraction and of the benthic foraminifers are nearly the same, but that δ 18 θ of Neogloboquadrina pachyderma averages 0.5°/oo to 1.0°/oo lighter. Inspection of the carbon isotopic records (Fig. 6 ) reveals that fine-fraction and benthic foraminiferal δ 13 C average about the same value in the interval from 170 to 58.5 mbsf (2.7-1.2 Ma), although δ 18 θ seems uncorrelated.
Diagenesis commonly affects δ 18 θ through exchange with pore waters or bottom waters. However, it rarely affects δ 13 C in Cenozoic sediments because relatively little carbon is present in bottom waters or pore waters compared to that contained in carbonate on the seafloor or in sediments (Garrison, 1981) . Therefore, we consider it unlikely that finefraction carbonate δ 13 C would have been affected by diagenesis in the 170-58.5 mbsf interval without also affecting δ 18 θ. In the 223-289.66 mbsf interval we suggest that although δ 18 θ values of the fine fraction may have been affected by diagenesis, δ 13 C values have not.
Effects of Fine-Fraction Composition
Because a large shift in δ 13 C occurs at 170-160 mbsf (Fig.  6) , it is conceivable that the shift was caused by the change in fine-fraction composition at this point. This may well have had an effect, but it should also be noted that when the finefraction returns to close to the previous bulk composition in the 150-140 mbsf interval, the δ 13 C values do not return to the values from below 170 mbsf nor do the compositional changes correlate to significant isotopic changes (Fig. 7) . This argues against fine-fraction composition alone controlling isotopic composition. Because of the paucity of analyses in the Gauss, immediately below 170 mbsf, it is difficult to say how the covariance between δ 13 C and δ 18 θ changes, but the shift in δ 13 C is easily seen in examination of records from sediments above and below the Gauss/Matuyama boundary.
Paleoceanographic Change
The final possible cause of the shift in carbon isotopic values is a change in paleoceanographic conditions. Two interpretations of the decrease in δ 13 C of fine-fraction carbonate along these lines are possible:
1. Decreased primary productivity leading to enrichment in 12 C in surface waters.
2. A northward shift in the position of the Antarctic Polar Front, causing an increase in upwelling rates.
Decreased primary productivity would allow 12 C to accumulate in surface waters, decreasing δ 13 C instead of being preferentially extracted by plants. However, a decrease in primary productivity is not really a viable interpretation. Although carbonate content falls from an average of 72.7% to 42.7%, sedimentation rates increase significantly above the Gauss/Matuyama boundary, from an average of 22.3 m/m.y. to 3.3 times that, 73.0 m/m.y. Assuming that sediment densities remain constant, this would imply that accumulation rates of carbonate after the Gauss/Matuyama boundary increased by 3.3 × (42.7/72.7) = 1.94 times the pre-boundary value. Inspection of the sediments shows instead that lithologies change to become more biosiliceousrich slightly below the boundary, at 178 mbsf (2.99 Ma) (Shipboard Scientific Party, 1988) . This implies increased biosiliceous productivity as well. The increased sedimentation rate thus appears to be due to an increase in productivity of overlying waters, of both siliceous and calcareous components (Hodell and Ciesielski, 1990) .
If a paleoceanographic change did lead to a change in δ 13 C of total CO 2 , that change probably was a northward shift in the position of the Polar Front. This would explain several features seen in the Site 704 sediments. Increased upwelling at the site would lead to increased productivity and therefore to an increased sedimentation rate. Second, the δ 13 C of surface water would decrease. Third, as productivity increased, more organic carbon would be deposited on the ocean floor, which might help explain the simultaneous decrease seen in δ 13 C of benthic foraminifers (but see Hodell and Ciesielski, this vol- ume, whose alternate interpretation suggests a change in deep-water δ 13 C, a more likely explanation). Several investigations have identified a trend of northward movement of the Polar Front from at least 2.9 to 1.9 Ma. Ciesielski and Weaver (1983) documented a northward shift in the position of the Polar Front over DSDP Site 514 (latitude 46°03'S) on the Falkland Plateau at 2.7-2.6 Ma, after which oscillations across the site occurred to at least 0.7 Ma. They based their findings on changes in radiolarian assemblages. Ciesielski and Grinstead (1986) An increase in upwelling or mixing does not address the question of why the Neogloboquadrina pachyderma record does not show a similar depletion in δ 13 C and why there is a consequent change in the fine fraction/iV. pachyderma δ 13 C gradient. The gradient between δ 13 C of N. pachyderma and the fine fraction changes as a result of the shift in δ 13 C. The δ 13 C of N. pachyderma averages 0.58°/oo from the base of the Gauss to the shift, and virtually the same (0.59°/oo) from the shift to the top of the Matuyama, whereas the average δ 13 C of the fine fraction changes from 1.26°/oo to -0.22°/oo, respectively, in these same intervals. This represents a change in the fine fraction/N, pachyderma δ 13 C gradient from 0.68°/oo to -0.81°/oo, a difference of 1.49°/oo.
N. pachyderma has been characterized as a deep-living species, depositing much of its calcite under near-isothermal conditions or below the thermocline (Srinivasan and Kennett, 1974; Reynolds and Thunell, 1986) . This suggests that the fine fraction is recording δ 13 C of shallower water, while N. pachyderma is recording δ 13 C of deeper, less variable water masses. Fine-fraction δ 13 C would then be affected by the rate of upwelling and thus the position of the APFZ, which would control the balance between productivity and upwelling rate. N. pachyderma δ 13 C would only record the average δ 13 C of the upwelling water, which may not be affected by the rate of upwelling.
Because both the fine fraction (Margolis et al., 1975; Goodney et al., 1980; Paull and Theirstein, 1987) and N. pachyderma (Williams et al., 1977; Kahn and Williams, 1981; Charles and Fairbanks, 1990 ) deposit their calcite out of equilibrium with seawater-SCC^, it is difficult to interpret the meaning of this gradient change. Both groups produce lower δ 13 C values than equilibrium. In the subantarctic, N. pachyderma is approximately 1.0°/oo too low (Charles and Fairbanks, 1990) ; therefore, we can use this value as a correction factor. However, the fine fraction produces δ 13 C with variable relationships to equilibrium calcite; it is always light, but the correction varies.
Whether an increase in the upwelling to primary productivity ratio caused by a shift in the position of the APFZ is responsible for the change in δ°C at 2.6 Ma, or whether it is due to compositional change in the fine fraction, is somewhat problematical. Assemblage changes did occur at this time; this, coupled with the lack of an equivalent change in δ 13 C in N. pachyderma, supports the interpretation that a change in the fine-fraction composition is at least partly responsible for isotopic changes. On the other hand, changes in gross composition that are not reflected in δ 13 C occurred at other times as well (see Fig. 4 ). In addition, the very fact that the fine-fraction composition does change slightly before the Gauss/Matuyama boundary is evidence for the existence of environmental control.
Within the Matuyama, from 168.72 mbsf (2.47 Ma) to about 90 mbsf (1.7 Ma), the δ 13 C of the fine fraction and of N. pachy derma exhibit a rough co variance. This suggests that after the APFZ moved north of Site 704, upwelling was intense enough for the δ 13 C of the upwelled water to control the δ 13 C of both the fine fraction and N. pachy derma. The very large amplitude variations in δ 13 C and δ 18 θ in the upper 70 m (mostly Brunhes paleomagnetic Epoch) of Site 704 deserve some mention. However, their interpretation is made difficult by the fact that because of the disturbance in this section, our knowledge of the chronostratigraphy is poor. This section exhibits some of the most extreme covariance between δ 13 C and δ 18 θ at the site (Fig. 3) . Goodney et al. (1980) demonstrated that the fine fraction shows a high degree of covariance. Paull and Theirstein (1987) demonstrated that this covariance is not necessarily related to water properties but instead to assemblage changes and that the assemblage changes can also lead to large changes in isotopic composition. Large changes in fine-fraction composition begin at about 80 mbsf and continue to at least 50 mbsf (Fig. 4) , and we feel that the most likely source for the large isotopic variations is these compositional changes. To investigate this possibility further, changes both in gross composition (foraminifers vs. calcareous nannofossils vs. micrite percentages) and in species composition need to be addressed in the future. Although we do not yet understand the complete meaning of these isotopic changes, it should be noted that the changes in fine-fraction composition that occur simultaneously with these isotopic changes suggest variations in paleoceanographic conditions that also should be investigated.
CONCLUSIONS
Isotopic analyses of the fine-fraction carbonate of ODP Site 704 have supplemented isotopic analyses of Neogloboquadrina pachy derma and benthic foraminifers. The fine-fraction analyses revealed a shift toward lighter δ 13 C at 2.6 Ma, corresponding to (1) a large increase in the sedimentation rate in Site 704 and (2) a simultaneous, almost identical shift in δ 13 C in the benthic foraminiferal record. The fine fraction is made up of many components, and it is difficult to determine the exact cause of this shift. We suggest that it may be due to one or a combination of the following causes: This shift is part of a progressive northward movement of the APFZ, begun at least by 2.94 Ma (Ciesielski and Grinstead, 1986 ) and lasting at least until 1.90 Ma (Westall and Fenner, this volume) .
The shift in δ 13 C at this time is not seen in the δ 13 C record from N. pachy derma, for reasons that are not clear at this time. We suggest that the reason for this may be the deposition of fine-fraction calcite primarily in depleted surface water, which is more affected by changes in upwelling rates than at deeper water levels, where the foraminifer N. pachyderma secretes its test. 
